This study presents a multi-parameter analysis of aerosol trends over the last two decades at regional and global scales. Regional time series have been computed for a set of nine optical, chemical composition and mass aerosol properties by using the observations of several ground-based networks. From these regional time series the aerosol trends have been derived for different regions of the world. Most of the properties related to aerosol loading exhibit negative trends, both at the surface and in the total atmospheric column. Significant decreases of aerosol optical depth (AOD) are found in Europe, North 5 America, South America and North Africa, ranging from -1.3%/yr to -3.1%/yr. An error and representativity analysis of the incomplete observational data has been performed using model data subsets in order to investigate how likely the observed trends represent the actual trends happening in the regions over the full study period from 2000 to 2014. This analysis reveals that significant uncertainty is associated with some of the regional trends due to time and space sampling deficiencies. The set of observed regional trends has then been used for the evaluation of the climate models and their skills in reproducing the 10 aerosol trends. Model performance is found to vary depending on the parameters and the regions of the world. The models tend to capture trends in AOD, column Angstrom exponent, sulfate and particulate matter well (except in North Africa), but 1 https://doi.org/10.5194/acp-2019-1203 Preprint. Discussion started: 13 January 2020 c Author(s) 2020. CC BY 4.0 License.
. Three different data quality levels are available depending on the application of cloud filtering and correction for instruments calibration derivations (Smirnov et al., 2000 (Smirnov et al., , 2004 . The level 2.0 version 3 daily data, which provides automatic instrument anomaly quality controls (Giles et al., 2019) , are used in this study for four different parameters: AOD 75 (calculated at 550 nm), AE (calculated using 440 nm and 870 nm channels), AOD<1µm (or fine AOD), and AOD>1µm (or coarse AOD) corresponding to the AOD of the particles whose diameter is less than and greater than 1 µm, respectively.
Particulate matter concentrations
The particulate matter (PM) measurements are from EMEP (covering Europe), and IMPROVE (for North America). The PM data have been made available either via the EBAS database infrastructure (http://ebas.nilu.no), or in the original IMPROVE 80 data to be found in the VIEWS database (http://views.cira.colostate.edu/). Both PM 10 and PM 2.5 (with unit µg.m −3 ) are used in this study. Note that the PM 10 size fraction of particles below 10 µm encompasses the PM 2.5 aerosol mass below 2.5 µm.
The first PM measurements in EMEP started in 1996 and the number of sites increased steadily in the following decade (Tørseth et al., 2012) . Most of the sites use the gravimetric method for both size fractions, though some used automated monitors, i.e. TEOM FDMS or b-attenuation. The EMEP monitoring complies with the European standards, i.e EN12341:2014 85 for the gravimetric methods and EN16450:2017 for the automatic methods.
The IMPROVE network has been operating since 1988 at remote and rural sites across the United States. IMPROVE uses four separate modules to collect samples for speciated PM 2.5 analysis and gravimetric PM 2.5 and PM 10 bulk mass measurements. Samples are collected every third day for 24 h and reported at local conditions. PM 2.5 and PM 10 mass concentrations are determined from Teflon filters from two separate modules sampling with PM 2.5 and PM 10 inlets, respectively. The gravi-90 metric mass measurements are not performed at controlled relative humidity and temperature, and a laboratory relocation in 2011 resulted in unstable weighing conditions. Therefore, gravimetric mass measurements from 2011-2018 were subject to potentially high relative humidity conditions and likely contain particle bound water on the filters that could bias trends . third phase of this project, initiated in 2015, in order to investigate specific topics (eg dust, volcanic aerosols, aerosol absorption, hygroscopicity, etc) . The model versions are also as close as possible linked to those GCM versions used for CMIP6 and for instance AerChemMIP climate experiments.
In this study, we use the model outputs from the historical AeroCom experiment, whose main aim is to understand the regional trends in aerosol distribution from 1850 to 2015 and to quantify the aerosol forcing with a main emphasis on the direct aerosol effect. The models were run in various configurations, providing different degrees of constraints on the evolving 140 meteorological conditions, such as using monthly fixed sea-surface temperature (SST), historically evolving SSTs, and basic meteorology fields e.g. wind for a given year.
CMIP6
The upcoming 2024 IPCC sixth assessment report (AR6) will feature new state-of-the-art CMIP6 (Couple Model Intercomparison Project, Phase 6) models with model runs in higher resolution and with new physical processes. An overview of the 145 experimental design and organisation can be found in Eyring et al. (2016) . In this study, we use a preliminary extract of the data of four CMIP6 models from the historical experiment, as available on ESGF nodes, which provided output from 1850 to 2014. 2014 was selected as the last year of the study period of the analysis presented here.
Methods

Regional time series 150
Due to the nature of the processes involved in the emission and the deposition of aerosols, one can expect different trends in different regions of the world. Instead of investigating the trends obtained at each individual observation station in a given region, we resort here to the analysis of average regional time series as computed by assembling all measurements at stations in each region into one average time series. A first advantage of this method is that a single trend can be computed in a given region, with an associated significance and uncertainty, which is not as easy to define when combining the trends for 155 individual sites together. Also, with our aggregation method, even a station that has not provided a sufficient amount of data for computing a trend at its location can still contribute to the computation of a regional time series. The computation of such aggregated regional time series makes most sense in regions exhibiting similar seasonal patterns.
Regions definition and observations coverage
Seven regions are considered in this study. The definition of these regions has been done in a pragmatic way to limit the 160 number of geographic areas investigated, but altogether also provides a global coverage when considering the ensemble of all regions.The Americas and Africa have been separated in a northern and southern section. In order to assemble the sites most affected by Saharan dust, the North Africa region has been extended in the North beyond the continent itself. Stations located in the south of Spain, Cyprus and Greece contribute to the regional time series in the region we are calling North Africa. 6 https://doi.org/10.5194/acp-2019-1203 Preprint. Discussion started: 13 January 2020 c Author(s) 2020. CC BY 4.0 License. Figure 2 , the regions do not have a similar coverage in terms of observations. North America and Europe have the highest concentrations of instruments monitoring aerosol trends.
As seen in
-AERONET is the most important network in terms of number of instruments. More than 1000 observation points, with more or less long time series, are found across the globe. The highest density of instruments is in Europe and in the central part of North America (US). The lowest densities are found in southern Africa and Australia.
-Particulate Matter: 212 instruments are used in this study and are spread mostly over Europe and North America.
170
-SO 4 : Altogether 346 instruments have been operating, mostly in North America and Europe. A few stations are also located in Asia and North Africa.
σ sp and σ ap : Combined for both parameters circa 50 stations are spread over North America, Europe, North Africa and Asia. Due to time coverage issues (2005 is the first year where in situ optical data are available in the European time series), the data from 2000 up to the year 2018 were used to compute the regional time series of these two parameters. 
Time series aggregation requirements
The regional time series are computed by combining, for each month, the valid data of all the stations in the corresponding region. In order to construct consistent and robust regional time series, some additional criteria are required to be met to provide a valid point (a station with valid measurements) going into the regional time series. Stations having operated very shortly (e.g AERONET DRAGON campaign stations) are eliminated by requiring a minimum of 300 valid daily measurements in the 180 whole period from 2000 to 2014, which reduces, as an illustration, the number of AERONET stations from 1010 to 437. A minimum of three valid points (daily or monthly depending on the available resolution) is required per month to be present in the overall regional time series. The list of the station names contributing to the computation of the regional time series can be found in the supplementary info.
When all criteria are fulfilled for a given month in the regional time series, the median, the first and third quartiles are 185 computed from all valid data points available. The quartiles provide an indication of the intra-regional variability. An example of regional time-series is shown in Figure 3 for AOD.
Trends calculation
Yearly, regional time series
For all of the parameters, the trends are computed based on the yearly averages of the regional time series. Using the yearly 190 averages eliminates any issues caused by the seasonal cycles (observed for most of the aerosol parameters used in this study) during the calculation of the trend slope. In order to ensure the statistical robustness of these yearly averages, the time averaging is performed step-by-step with specific time constraints. By starting at the finest time resolution available in the data, monthly, seasonal and then yearly averages are computed when the following criteria are fulfilled:
at least 1 month per season is present with data (seasons defined as JFM, AMJ, JAS, OND).
all 4 seasons are available for a given year.
These temporal constraints offer a reasonable compromise between the availability and robustness of the yearly statistics.
Trends computation
We use the same methodology as described by Aas et al. (2019) to derive the trends of the regional time series. The significance 200 of the trends is tested with the Mann-Kendall test. The related p-value is used to determine if the trend is significant or not within a confidence interval of 95%. The slope is calculated with the Theil-Sen estimator which is less sensitive to outliers than standard least-squares methods. At least least 7 valid yearly regional averages (50% of time coverage) are required in the regional time series for the computation of a slope.
An uncertainty is provided for each trend by combining the error of the slope calculation itself to the error of the residuals: 
Representativity of the trends 210
The number of available points used to compute the regional time series is not constant in time. For a given observation station, Associated with this time representativity issue comes the space representativity issue. The data coverage is uneven across the different regions. Moreover, within a single region, the observation stations might be located in contrasting environments.
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Stations located in environments that are more urban, or rural, or mostly affected by natural particles, might have trends differing from the trend associated with the whole region.
Some studies have focused on the representativity of the observation stations by investigating the biases of different optical properties (Wang et al., 2018; Schutgens et al., 2017; Schutgens, 2019) . The analysis here is dedicated to characterise the representativity might give different results, since a station associated with a bias, could still have a representative tendency in time. In order to evaluate the effect of the partial space and time sampling of the observations for the evaluation of the trends, two sensitivity studies, focusing on the time sampling and the space sampling, have been conducted using model subsets of data. For each of these studies, the trends are computed for one reference (Ref ) and one experiment (Exp) dataset, and compared with each other. The difference between the relative trends are computed for each parameter and region. Those differences are then converted into a score (%) by using a normal distribution f described by a mean µ = 0 and a standard deviation of σ = 0.5. The choice of these parameters leads to a representativity score of 100% when there is no difference in the trends of a reference and an experiment dataset, while a difference of 0.5%/yr would indicate a representativity score of 50%.
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For a given parameter p and a region r, the representativity Rep(p, r) is calculated as following Refspace,time(p,r) ( 2) wheret is the relative trend of the corresponding dataset.
Finally, the total score is computed as the mean of the time and the space representativities.
An example of the calculation is presented in Figure 4 for AOD in Europe and North America. In both regions, the Ref time
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dataset, corresponding to the available observations, reveals strong seasonal cycles when considering the number of points used to compute the regional time-series. These cycles are observed with most of the sun photometer datasets since the instruments only operate during daytime and cloud free conditions, and the amount of daylight and clouds varies with the season. Together with this seasonal cycle, one observes an increase in the number of points with time, which reflects the increasing number of stations over these two regions.
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The trends in Europe show similar values for the time study, which means that the trend is not greatly affected by the variation of the available measurements in time. The difference is larger when considering all the grid-boxes of the domain, but the overall difference of the two studies corresponds to a representativity of 69%. In North America, the difference in the three trends is larger, outstanding is the space study trend. This means that the trend obtained in the whole region is significantly different from the trend obtained when considering only the grid points where observation stations are located. It should be mentioned that the ocean grid-points are not filtered out when computing the trends over the whole domain. For this reason, the regions containing a greater proportion of ocean grid-points, where the trends are most likely to differ from those observed over land, will tend to have a lower spatial representativity, such as North America.
This representativity study illustrates that the partial coverage in time and space of the observations leads, in some cases, to artificial trends. The representativity scores are discussed for each parameter in the following section together with the trend 260 estimate results.
Results
Trends in observations
This sections presents the trends in the observations computed for the different parameters and over the predefined regions. In order to compare the trends observed for the set of nine aerosol parameters in a consistent manner, we focus on the relative 265 trends, with the reference set to the year 2000, as the first year of the study period. The means for the year 2000, reported in Table 3 , reveal a large inter-regional variability.
The AOD is more than three times higher in Asia (AOD=0.35) than in North America and Australia (AOD=0.10). Intermediate AOD values are found in Europe and South Africa, while the second highest load is found in North Africa (AOD=0.26).
In most regions, the AOD is largely dominated by its fine fraction (AOD<1µm), but this is not the case in North Africa (or 270 Australia), where the persistent presence of desert dust makes the coarse mode (AOD>1µm) contribution to the total AOD similar in size to the fine mode contribution. This predominance of coarse particles is reflected in the AE values which exhibit lower values in North Africa (AE=0.72) and Australia (AE=0.97).
The PM observations are primarily available from Europe and North America. PM 10 observations are also available in the North Africa region as defined in this analysis, but these stations are located in the northern part of the region, i.e., in southern 275 Europe, which is less affected by the dust sources than the AERONET stations, which cover the whole region including the surrounding deserts. Both PM 10 and PM 2.5 are larger in Europe than in North America, with different relative proportions. In Europe, PM 2.5 represent 75% of the PM 10 , as compared to on 57% in North America. (Aas et al., 2019) .
Analogous to the surface PM 10 measurements, σ sp is higher in Europe (33 µg.m −3 ) than in North America (25 µg.m −3 ).
The same feature is found for σ ap which also has higher values in Europe.
The relative trends for the 2000-2014 period are shown in Figure 5 . The heatmap is dominated by blue color, which indi- are associated with a rather certain decrease/increase of the aerosol property in the time period 2000-2014 since the value of the trend is greater than the uncertainty. The uncertainties are presented in Figure 6 .
-In Europe, both columnar and surface parameters reveal statistically significant decreases, with the exception of σ ap for 290 which the observed decrease is not significant. For this last parameter, the associated uncertainty of the trend exceeds the trend itself. This large uncertainty is linked to the low data coverage in the earliest years. For the other parameters, the uncertainties are lower than the trends. A decrease in AOD (-2.8%/yr) is found for both fine and coarse mode particles. This is consistent with the negative trends found at some individual stations in this region (Glantz et al., 2019) . The fine mode is decreasing more than the coarse mode, which is consistent with the decrease observed for AE. The same 295 shift in aerosol size is found at the surface since PM 2.5 has decreased by a factor of two relative to PM 10 . These trends could result from the mitigation measures aiming at reduced anthropogenic aerosol emissions. This is more directly observed in the decrease of SO 4 (-1.5%/yr). We find a somewhat lower trend than what was reported in Aas et al. (2019) (-2.67%/yr), but that could be explained by the differences in the methodology (trends computed from the regional time series, in this study, against a statistical average of the trends computed at the individual stations) and/or the definition 300 of the region. The stations in the Mediterranean Basin, where a larger decrease is found (-4.3%/yr), are attributed to the North African region in this study.
The representativity study reveals that the observed trends are actually representative for the whole period and region for all of the parameters, except for σ sp and σ ap due to the lack of observations in the earliest period. A good agreement is found with the trends obtained at individual stations and reported by Collaud Coen, which reports on decreases of 305 -2.92%/yr for σ sp and -4.2%/yr for σ ap , as compared to -2.5%/yr and -2.0%/yr in this study.
-In North America, similar trends are found for the columnar properties as were found for Europe. AOD is decreasing at a rate of 1.3%/yr, a 55% percent smaller trend than observed in Europe, but the North America reference value in 2000 is 40% lower than the reference value in Europe. One can note that the representativity scores are higher for AE than for AOD, while these two parameters have the same amount of data. This means that the trends are probably smoother, in 310 space and time, when comparing AE with AOD, which makes the same amount of available observations more representative in the case of AE.The decreases observed for both PM 2.5 (-2.1%/yr) and PM 10 -1.6%/yr are significant and in the same range of values than the trends found in Europe. However, the actual trends for PM 10 and PM 2.5 are probably somewhat higher than found here. The possible bias is caused by increased relative humidity during weighing, resulting in more particle bound water and thus higher mass, after the relocation of the laboratory in 2011. Hand et al. (2019) 315 reported that the decrease in PM 2.5 from 2005 through 2016 was -2.6%/yr, while it was -3.9%/yr for the reconstructed fine mass correcting for the possible bias in the measurements. SO 4 decreases by about 3%/yr, which is twice as large as the decrease observed in Europe, where the reference value is however larger than in North America. The sulfate trend is similar to the trend reported by Aas et al. (2019) in this region (-3.15%/yr). The regional time series are extend farther back in time for σ sp and σ ap in North America than in Europe. However, no significant trends are found for these 320 data sets. Collaud Coen finds a large decrease for σ sp (-2.57%/yr) which is not found in this study, when using regional averaged time series to calculate the trend rather than regionally averaged trends as was done by Collaud Coen. Similar values are found in this study and by Collaud Coen for σ ap (-1.85%/yr) despite the fact the trend is not significant. The IMPROVE network also measures filter absorption using a Hybrid Integrating Plate and Sphere (HIPS) system (White et al., 2016) . These data are not included in this study, but White et al. (2016) reports a significant decrease (-2.7%/y) in 325 the light absorption coefficients from 2005 to 2015.
-All of the columnar properties show decreasing trends in South America. All of the trends are significant, except for AOD>1µm. As shown in the regional time series in Figure 3 , the observed decrease in AOD coincides with a global diminution of the intensity of the seasonal peaks happening around September and resulting from the Amazonian forest fires (Aragão et al., 2018) . These peaks are highly variable from year to year and could greatly affect the trend when 330 considering another time period. With a rate of -2.0%/yr, the largest decrease of AE is found in this region. While no significant trend is found for AOD>1µm, the tendency towards increasing coarse particles is probably due to the production of local dust as a result of the increasing deforestation (Werth and Avissar, 2002; Betts et al., 2008) .
-In North Africa, while significant decreases are found for all AOD parameters, an increase of AE (+1.1%/yr) is observed, which indicates an increase in the proportion of fine particles with time. This is consistent when considering the AOD -AE is also increasing in Asia as a combination of a (not significant) increase in AOD<1µm and a significant increase in AOD>1µm. The increase in AE is likely tied to increases in anthropogenic emissions which are associated with fine mode 340 aerosol. This result is consistent with the trend reported by Yoon et al. (2012) at some individual stations. At the same time, we observe an increase of SO 4 of 3.8%/yr, which is consistent with the trend reported in Aas et al. (2019) . This increase is associated with a large uncertainty (±4%/yr ) due to a drop in the already small number of stations available in the region, especially between 2010 and 2012. Indeed, with a maximum of 12 stations, a few stations missing can greatly affect the computation of the regional time series. This is reflected by the representativity study which reveals a 345 score lower than 40% for this parameter.
-No significant trends could be found in Australia, although the representativity is greater than 50% for AOD, AOD<1µm and AE.
This multi-parameter trend analysis reveals a decrease in most of the parameters relating to aerosol burden (extensive parameters), both in the total column and at the surface level. In Asia, the trends in AOD<1µm, AE and SO 4 suggest an increase in the 350 proportion of the finer particles. While differences might be expected when comparing regional trends with trends computed at individual stations, the trends are usually consistent with those previously reported in the literature. de Meij et al. (2012) focused on regional AOD trends in the 2000-2009 period; despite the differences in the study periods and the methodologies involved, consistent trends can be found in most of the regions with the trends obtained in this study.
Evaluation of the models trends against observations
In order to evaluate the trends from the models, the regional time series have been computed with the model output collocated in space and time to the available observations at the station level. The model trends are computed in a similar manner to the trends for the observation datasets. However, for the few models providing output every 5 years (in addition to 2014), the minimum required number of points has been reduced from 7 to 4, so the trends can be computed using the years 2000, 2005, 2010 and 2014. The results, shown in Figure 6 , reveal different performances of the various models, for the reproduction of the 360 observed trends, depending on the parameters and the regions.
-AOD: the models show trends in the same direction as the observations over all the regions except in Asia, where the associated uncertainties are, however, usually larger than the trend values. Some differences among the three model groups are observed when investigating the different regions:
-EUROPE: all the groups underestimate the observed decrease in AOD. With an average decrease of -1.0%/yr, 365 the CMIP6 models exhibit the largest underestimation, while the best performance is obtained with CAMS-Rean (-2.1%/yr). The AP3 models trends range from -1.3%/yr to -2.0%/yr.
-NAMERICA: in contrast to the results for EUROPE, on average, all of the models overestimate the observed AOD decrease in NAMERICA even though two models of the AP3 group simulate lower trends than are found for observations. The consistency in the trends is very high within the CMIP6 group over this region.
370
-SAMERICA: CAMS Rean slightly overestimates the observed AOD decrease while all the models of the two other groups underestimate this decrease. A few of the models simulate positive trends, but these are associated with large uncertainties.
-NAFRICA: all the models capture the observed decreasing AOD tendency. With a trend of -3.0%/yr, CAMS-Rean is the closest to the observed trend (-2.7%/yr). AP3 and CMIP6 multi-model trend averages are -2.0%/yr and 375 -2.2%/yr, respectively.
-ASIA: A large inter-model variability is found in this region where the uncertainty is also significant. The means of the trends of each group range from -0.2%/yr to +0.2%/yr.
-AOD<1µm: usually, the same patterns are found as for AOD. The models that underestimated the AOD underestimate AOD<1µm and vice versa. For AOD<1µm and the following parameters, only NorESM2 provides data for the CMIP6 380 group.
in EUROPE: the underestimation of the decrease captured by the models is larger than the underestimation of AOD.
-ASIA: an increase, associated with large uncertainties is found in both models of the AP3 group (+1.3%/yr) and observations (+0.8%/yr). models for a single year (Glißet al., in preparation) . The inter model variability is also higher since some models simulate AOD>1µm trends in opposite directions in some regions.
-EUROPE: while the observations exhibit a significant decrease, CAMS-Rean and all of the AP3 models exhibit increasing values for AOD>1µm. NorESM2 from CMIP6 simulate a decrease consistent with the observations.
-SAMERICA: All of the models simulate large increases, from +4.3%/yr up to +14.6%/yr which are not visible in 390 the observations (-0.1%/yr).
-NAFRICA: the models reproduce the observed decrease of 3.3%/yr to some extent (from -0.7%/yr to -2.5%/yr).
The fact that some models with fixed SST (e.g ECHAM-HAM) reproduce this decrease does not support the hypothesis of the SST changes. The decrease in dust could be caused by increased wet scavenging of dust after coating with anthropogenic sulfate aerosols. The production of high levels of readily soluble materials on the dust 395 surface makes dust aerosols effective cloud condensation nuclei (Fan et al., 2004; Bauer and Koch, 2005; Bauer et al., 2007; Neubauer et al., 2019) .
-ASIA: CAMS-Rean captures the same trend as computed with the observations dataset. Like for AOD<1µm, no certain trend can be identified in this region with the CMIP6 model.
-AE: the trends are usually smaller than for AOD in the respective regions, meaning that the amount of the particles 400 is more subject to variations than the size (type) of these particles. This feature is visible with both observations and models.
-EUROPE and NAMERICA: one model of the AP3 group (ECHAM-HAM) simulates a significant positive trend in AE while negative tendencies are found in the observation and with the other models.
-SAMERICA: all of the models simulate negative AE trends, most of them significant, in agreement with the 405 observations. CAMS-Rean and the AP3 models tend to underestimate the decrease, while the CMIP6 model tends to overestimate it.
-NAFRICA: CAMS-Rean does an excellent job of reproducing the observed AE increase (+1.3%/yr versus +1.1%/yr).
The significant trends of the AP3 models range from -0.5%/yr to +2.0%/yr. The increase of AE supports the theory of enhanced scavenging of dust by anthropogenic aerosols.
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-ASIA: the AP3 models and the CMIP6 model exhibit significant positive trends, which is also the case for the observations. CAMS-Rean does not capture any significant trend in this region.
-PM 2.5 : Almost all the models simulate significant decreases over Europe and North America, in good agreement with the observations. The CMIP6 model performs however better in North America, while it underestimates the extent of the decrease in Europe. Further analysis reveals that, despite the fact that it does a good job reproducing the PM 2.5 trend in the models of the AP3 and CMIP6 groups. As for PM 2.5 , NorESM has better performance in North America. CAMS-Rean produces a trend twice as high as the observed trends both over Europe and North America.
-SO 4 : The AP3 and CMIP6 models perform quite well for the SO 4 surface concentration. The magnitude of the model 420 trends is however higher than the observed trends in all the regions except North Africa.
σ sp and σ ap : as mentioned in the previous section, the observations trends have been computed for these two parameters using data until 2018. The two models providing output for these parameters are NorESM2 and SPRINTARS. NorESM2 provides data until 2014, so the NorESM2 trends correspond to the period [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] , while SPRINTARS provides data until 2018 and thus covers the whole observation period [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] [2016] [2017] [2018] .
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-EUROPE: a significant decrease is found in the observations for both σ sp and σ ap but this is not captured by the models where positive trends are found, although associated with large uncertainties.
-NAMERICA: A significant decrease is found with NorESM2 for σ sp which is not seen in the observations. For σ ap , NorESM2 captures a similar trend as derived from the observations, while SPRINTARS does not.
This model trends evaluation reveals some key-points. First, CAMS-Rean, which assimilates AOD, performs the best for 430 capturing the trends of this parameter. Second, a large inter-model variability is generally found over Asia, where the observed trends are also the most uncertain. Considering the total column, the models usually perform rather well for AOD, AOD<1µm, and AE, but show lower skill for AOD>1µm. At ground level, the models perform well for both SO 4 concentration and PM.
The trends in σ sp and σ ap computed from regional time series are associated with large uncertainties due to the limited number of stations. This is exacerbated by the fact that data was only available from two models for these parameters. As discussed previously, the regional trends found are probably not always representative of the trends in the extended regions and over the whole study period. The reasons are the partial spatial and temporal coverage of the ground based observations. Moreover, the observation stations are obviously located on land. This does not allow for a depiction of a global aerosol trends 440 and is unfortunate as sea salt particles are among the most predominant aerosols on Earth (Schulz et al., 2004) .
In order to provide an assessment of the aerosol trends at a global scale, we present, in this section, the trends computed with the NorESM2 data (CMIP6 group) using all grid boxes. The calculation of the global trend is made by averaging the absolute trends computed at each grid-point of the model. In order to provide a relative trend, this absolute trend is normalized to the global average of the considered parameter for the year 2000. The global trends are reported for the nine aerosol parameters in 445   Table 4 . The global maps, shown in Figure 7 , enable investigation of the spatial variability of these trends.
While the observed trends of the three AOD parameters show a decrease in most of the regions of the world, the global AOD trend is actually positive (+0.2%/yr). This global increase is also found with other models. Averages of the models from based observations. The rather good agreement of the trends, across different aerosol parameters between models and observations, when co-locating them in time and space, implies that global model trends, including those in poorly monitored regions, are likely correct.
-The global trends computed with the model data show mostly positive trends for all the parameters related to aerosol loading. The trends in AOD are dominated by the increase of the fine particles both in the column and at the surface.
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This tendency toward finer particles is consistent with the positive trend in AE. This increase appears to be dominated by the organic aerosols, for which the emissions have increased in the study period, and by the SO 4 whose emissions were shifted from Europe and North America to Africa and East Asia where a global positive SO 4 trend is found.
Some elements were not considered in this study which could be investigated in order to complete the aerosol trends picture:
-Some regions are associated with strong seasonal cycles. In South America, the regional time series shows high peaks in 525 AOD, associated with forest fires in the late summer, whose intensity greatly varies from year to year. In Africa, a strong seasonal contrast is also found due to the transport of desert dust at altitude in the summer months (Mortier et al., 2016; Ogunjobi et al., 2008) . The computation of the seasonal trends would allow characterization of the tendencies in such extreme or synoptic aerosol events.
-This study shows that the trends computed from the ground-based observations networks are not representative of the 530 global aerosol trends due to the inhomogeneities in data spatial coverage. The satellites providing a global Earth observation could be utilized for the evaluation of the model trends in the regions lacking observations and over the oceans (Hsu et al., 2012; Zhang and Reid, 2010) .
-The trends in the meteorological parameters could be investigated in parallel with the aerosol trends because they affect the aerosols life cycle and their optical properties (Che et al., 2019) . Hypothetical trends in wind velocity could produce 535 trends in the loads of sea salt and dust and, as seen in the last section, trends in OD could also be enhanced by relative humidity changes. Changes in temperature could impact the magnitude of the biogenic emissions. Indeed, increasing temperatures, associated with changes in land use and high atmospheric CO2 concentrations have been shown to lead to an increase of the BVOC emissions (Peñuelas and Staudt, 2010) . Finally, trends in precipitation that are responsible for aerosol wet scavenging would directly produce trends in aerosol loads.
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-Several studies have linked the trends in anthropogenic aerosols to radiative forcing variations while investigating sources of global dimming and brightening Streets et al. (2006) ; Norris and Wild (2007 Table 2 . Information on models used in this study (CAMS-Rean: CAMS reanalysis, AP3: AeroCom phase 3; CMIP6: historical experiments from CMIP6). 
Model
